We make preliminary investigations on a new approach to reducing radar cross section (RCS) of conducting objects. This approach employs novel planar metasurfaces characterizing nonuniform distribution of reflection phase. The operation principle of this approach and the design rule of the associated metasurfaces are explained using a simplified theoretical model. We then present a design example of such metasurfaces, in which three-layer stacked square patches with variable sizes are utilized as the reflecting elements. The proposed RCS-reduction approach is verified by both numerical simulations and measurements on the example, under the assumption of normal plane wave incidence. It is observed that, in a fairly wide frequency band (from 3.6 to 5.5 GHz), the presented example is capable of suppressing the specular reflections of conducting plates significantly (by more than 7 dB) for two orthogonal incident polarizations.
Introduction
Reduction of target radar cross section (RCS) for military or civilian applications has been a subject of extensive studies in both scientific and engineering communities for decades. The existing RCS-reduction strategies can be classified into two categories. One is decreasing or even canceling the scattered energy and the other is reshaping the scattering pattern. Traditionally, the radar absorbing material (RAM) is adopted for the first category while the second category is usually achieved through shaping of target [1] [2] [3] [4] . Recently, great efforts have been made for the sake of improving the traditional RAM technology. For instance, reduced RAM thickness has been achieved by employing artificial magnetic conductor (AMC) or reactive impedance ground as the backing panel of RAM [5] [6] [7] . It is worth mentioning that the rapidly growing research field of metamaterials has contributed a completely new strategy called invisibility cloak [8, 9] , which can be grouped into the first category. The invisibility cloak is a kind of inhomogeneous wrappage that could steer the incoming electromagnetic waves smoothly around the hidden object and return them to their original trajectory, making the object almost invisible (i.e., have no scattered field). New ideas have emerged regarding the second category of RCS-reduction techniques these years as well [10] [11] [12] [13] [14] . For example, it was proposed by Paquay et al. that, by combining AMC and perfect electrical conductor (PEC) cells in a chessboard-like configuration, the cancelation of reflections from these two kinds of cells would effectively reduce the specular reflections and hence the RCS of planar conducting plate [10] . In addition, some researchers have paid attention to metamaterial coatings with randomly distributed refractive indices or gradients of refractive index [11] [12] [13] . Such coatings are capable of suppressing remarkable lobes of conducting plates by creating diffuse reflections in front of these plates. In 2014, Wang et al. proposed a design of broadband and broad-angle low-scattering metasurface based on a hybrid optimization algorithm [14] .
In this paper, we make further investigations on RCSreduction schemes characterizing redistribution of scattered energy, by making use of novel metasurfaces with nonuniformly distributed reflection phase. The rest of the paper is organized as follows. In Section 2, a theoretical model for analyzing the backscattering performance of such metasurfaces is given and a fundamental design rule of the relevant nonuniform distribution of reflection phase is promoted for RCS-reduction in the specular direction. Section 3 introduces a practical implementation scheme of such metasurfaces through an example. Finally, Section 4 presents both the simulation and measurement results of the example, which confirms that metasurfaces with properly designed nonuniform phase distribution have the potential of suppressing specular reflections of planar conducting plates under normal incidence.
Theory
Metasurface with nonuniformly distributed reflection phase, which is referred to as nonuniform surface below for brevity, is artificial composite constituted by reflecting elements each of which reflects local incident ray back into space with certain phase shift. One or several geometrical parameters of these elements vary along the surface such that the reflection phase is nonuniformly distributed with respect to incident plane waves.
It is well known that directive radiation is closely related to equiphase surface perpendicular to the radiation direction. For planar conducting plate which has uniform reflection phase, the reflected field possesses a planar equiphase surface with respect to incident plane wave and hence the reflected energy is focused in specific direction (i.e., the specular direction). If the conducting plate is covered with certain composite structure to form a nonuniform surface, the equiphase surface will be no doubt disturbed and the incident plane wave will be reflected or scattered irregularly. Moreover, it is possible that the directional reradiation in the specular direction is remarkably suppressed or even eliminated, provided that the distribution of reflection phase is appropriately chosen.
For simplicity, consider the problem geometry shown in Figure 1 , where a planar nonuniform surface is divided into × squares with lattice constant denoted by . Each square represents a reflecting element which is assumed to totally reflect its local incident beam. The origin of coordinate is situated at the center of the plane defined by the surface. An infinite -polarized plane wave is normally incident on the nonuniform surface and is given by
where 0 is the wave number in free space. The local reflected field at each element can be estimated using the infinitely periodic array model and is supposed to be dominated by the fundamental copolarized Floquet mode (in this model, each element is analyzed by assuming local periodicity; i.e., each element is considered in an array environment with all the elements identical). Hence, the reflected electric field at the element numbered as ( , ) ( = 0, 1, 2, . . . , − 1, = 0, 1, 2, . . . , − 1) can be written as
where ( , ) is the reflection phase of the corresponding element. By applying the second principle of equivalence, the angular spectrum of plane waves for scattered field in the half-space > 0 can be expressed by the following Fourier transform [15] :
wherė( , ) is the tangential component of the scattered electric field along the surface (i.e., the plane of = 0) and , V are variables related to the spherical coordinates ( , ) by = sin cos and V = sin sin . Note that the double integral in (3) is limited in the region of metasurface, becausė( , ) is assumed to be zero outside of the surface. This assumption implies that the edge diffraction is ignored. Associatinġ( , ) with (2), the spectral functioñ( , V) is further derived as
In the above formula,
where Sa( ) = sin( )/ , representing sample function. For planar PEC plate with the same overall size, ( , ) should be replaced by and (5) is reduced tõ
Obviously, the backscattering of PEC plate in the specular direction (i.e., = 0) would be effectively suppressed (by no less than 10 dB) as long as the nonuniform distribution of reflection phase ( , ) satisfies the relation expressed by the following inequation:
Such a conclusion is in accordance with the antenna array theory and similar conclusions could be drawn for the cases of off-normal incidence.
As an example, consider a planar nonuniform surface containing 10 × 10 reflecting elements. It has the twodimensional phase distribution as shown in Figure 2 . This distribution is generated by randomly selecting phases in the range [−504 deg, 40 deg]. With such a distribution, the amplitude of the double summation in (8) is calculated to be 23.15, which is much smaller than = 100. According to the theoretical model presented above, the intensity of specular far-field scattering of the designed metasurface is 12.77 dB lower than that of naked conducting surface with the same overall size, when both surfaces are illuminated by -or -polarized normally incident plane waves. We remark that the choice of the distribution in Figure 2 is rather arbitrary. In fact, the condition indicated by (8) is very weak and there are numerous possibilities for reflection-phase distributions which meet this condition. Therefore, wideband performance is in prospect even though the phase distribution varies violently in band. This is beneficial when broadband RCSreduction behavior is required, since the phase distribution of realistic nonuniform surface is usually frequency-dependent, as will be shown in the next section.
Implementation of Nonuniform Surface
Various radiators can be used as the reflecting elements of nonuniform surfaces. In particular, microstrip radiators such as metallic patches, dipoles, and loops are suitable for circumstances where conformality and compactness are required [16] [17] [18] [19] . Figure 3 demonstrates a typical reflecting element in microstrip form, which characterizes three-layer stacked square patches of variable size. The stacked-patch element occupies an × square area in the -plane and is backed with a conducting ground. The side lengths of patches on the bottom, middle, and top layers are denoted by , 1 , and 2 , respectively, where 1 and 2 are proportional factors with 2 < 1 < 1. Each of the three patches is supported by a piece of thin dielectric substrate which is also × in size. The patch thickness and substrate thickness for each layer are represented by and , respectively. Moreover, Figure 3(b) indicates that every two neighboring layers (including the ground layer and the three patch layers) are separated by air, with the separation distances denoted by ℎ ( = 1, 2, 3).
As is well known, the microstrip patch over a ground plane response resonantly to incident plane waves, leading to sensitive reflection phase with respect to frequency variations near resonance. The resonant frequency mainly depends on the side length of patch and the reflection phase within certain frequency band can be effectively tuned by varying the side length. By stacking multiple patches, a multiresonant behavior is obtained and the tuning range of reflection phase can be expanded greatly [20, 21] . Moreover, stacking multiple patches is also helpful in enlarging the frequency band with linear response of reflection phase, which is critical in increasing the operational bandwidth of the nonuniform surface. The air separation employed under each patch layer further broadens the frequency band with sufficiently large tuning range of phase and results in a smoother and more linear phase variation versus side length .
As an example, a parametric study has been made on the three-layer stacked-patch element with certain specifications. Each patch layer of the element under study is fabricated from F4B copper-clad laminate with copper thickness of = 0.035 mm, substrate thickness of = 0.43 mm, and dielectric constant of 2.65 − 0.0053. The element size, the relative sizes of the stacked patches, and the air separations are considered fixed ( = 45 mm, 1 = 0.68, 2 = 0.5, and ℎ 1 = ℎ 2 = ℎ 3 = 4mm) and only the side length of bottom patch is the independently tunable variable. The parametric study is performed via numerical simulations using the commercial electromagnetic solver, CST Microwave Studio (MWS). Figure 3(c) shows the relation curve of simulated reflection phase at 4 GHz against the dimension for the relevant stacked-patch elements. The reflection phase is associated with the fundamental copolarized Floquet mode with respect to normally incident plane waves polarized along the -(or -) axis, when periodic boundary conditions (PBCs) are assumed around the element in both the and directions. The reference plane just overlaps with the plane of top patch. It is seen from Figure 3 (c) that the tuning range of reflection phase at 4 GHz is greater than 500 ∘ . Figure 4 illustrates a realistic nonuniform surface formed by arranging the three-layer stacked-patch elements in × square lattice. It is consistent with the model shown in Figure 1 . The nonuniform distribution of reflection phase is achieved by varying the dimension and keeping all the other parameters (i.e., , , 1 , 2 , and ℎ ) constant in the surface. We remark that the structure in Figure 4 is quite similar to that of microstrip reflectarray [19] . However, the traditional reflectarray should be excited by certain feed antenna and is designed to produce directional reradiation, while the nonuniform surface proposed here has no feed antenna and is designed to destroy the directional reflection with respect to incoming plane waves. An instance of nonuniform surface based on the stackedpatch elements has been designed and the corresponding fabricated sample is shown in Figure 5 (a). This instance comprises 10 × 10 elements, which are characterized by the specifications mentioned above. Hence, the total thickness (from the top patch to the ground plane) of the instance is about 13.3 mm. The instance was designed to possess the two-dimensional phase distribution shown in Figure 2 at 4 GHz. Given this phase distribution, the dimension of all the constituent elements for the nonuniform surface was determined using the design curve shown in Figure 3(c) . The final distribution of dimension is shown in Figure 5 (b). It should be remarked that the phase distribution here avoids drastic change of patch size between neighboring elements so that the periodic array model for element evaluation mentioned above maintains enough accuracy. Due to the frequency-dependent phase response of the stacked-patch element, the phase distribution of the nonuniform surface changes with frequency. However, for our presented instance, the nonuniform feature of the phase distribution within a sufficiently large range remains over a fairly wide frequency band, that is, from about 3 GHz to 6 GHz. Figure 6 demonstrates the specular far-field reflectance for the instance in this band (circle). This reflectance curve, which assumes normal incidence and -or -polarization, is normalized to that of naked conducting surface and is calculated from the frequency-dependent phase distribution using the aforementioned theoretical model. Remarkable suppression of specular reflection throughout the band is observed from Figure 6 .
Simulation and Measurement Results
In order to verify the nondirectional reflection property of the nonuniform surface, full-wave simulations are conducted for the instance presented above, with the aid of CST MWS. Both the -and -polarized plane waves with normal incidence are considered in the simulations. For both polarizations, the simulated specular far-field reflectance curves, normalized to that of naked conducting surface, are also shown in Figure 6 (solid and dashed lines). As is expected, these two curves are in good consistency with the theoretical curve (circle). Figure 6 also indicates that the two simulated curves are slightly different from each other. This is because the nonuniform surface as instance has no rotational symmetry with respect to its central normal. Our theoretical model ignores this asymmetry and offers the same calculated reflectance results for both polarizations. However, such an ignorance or approximation does not prevent the model from providing us with acceptable predictions of backscattering performance of nonuniform surfaces. A further inspection on the simulated backscattering patterns of both the nonuniform surface and the naked conducting surface reveals that the suppression of specular reflections is achieved through unequally reallocating most of the scattered energy to various off-specular directions in the > 0 half-space (i.e., 0 ≤ < 90). As an example, Figure 7 compares the simulated backscattering patterns between the nonuniform surface and the naked conducting surface at 4 GHz for the -polarized normal incidence.
Backscattering measurements have also been conducted concerning the nonuniform surface sample shown in Figure 5 . The measurements consist of two stages which employ almost the same experimental setup. Figure 8 shows the experimental setup for the first stage, where a linearly polarized high-gain horn antenna is placed right in front of the nonuniform surface sample with a distance of 3 meters and the central normal of the sample surface is aligned with the symmetry axis of the horn aperture. The horn antenna is also connected to a single port of an Agilent N5230C vector network analyzer (VNA) through a flexible coaxial cable. The whole setup is situated in an anechoic chamber to minimize environmental interferences. During measurement, the VNA provides source microwave signals for the antenna and the main beam emitted from the horn antenna impinges on (dB)
Simulation, y-polarized Simulation, x-polarized Theoretical calculation the sample surface. The back-scattered or reflected power from the sample is received by the same horn and then detected by the VNA. Note that the power reflected by the horn itself also enters the VNA in the meantime. By applying the gated-reflect-line (GRL) calibration technique provided by the time-domain analysis kit installed in the VNA, the influence of the power reflected by the horn is removed and the resultant reflection coefficient data read from the VNA is only related to the reflection from the sample. Two cases of incident beams are considered in the first stage. For the first case, the horn is arranged to allow a -polarized incident beam with respect to the sample shown in Figure 5 . By simply rotating the sample 90 ∘ around its central normal, the other case of incident beam with -polarization can be achieved afterwards. The reflection coefficient data in decibels read from the VNA are recorded for both cases. As to the second stage of measurement, the nonuniform surface sample is replaced by an ordinary square metallic plate which possesses the same size as the sample. The reflection coefficient data in decibels given by the VNA at this stage is also recorded. The specular reflectance of the nonuniform surface sample normalized to that of the square metallic surface for both incident polarizations can then be obtained by subtracting the newly recorded data from those two sets of data measured at the first stage, respectively. Figure 9 shows the experimental normalized specular reflectance of the nonuniform surface sample for both incident polarizations. It is observed that, in the presence of the sample, the directional specular reflection of the metallic surface in the band from 3.6 to 5.5 GHz is suppressed by more than 10 dB and 7 dB for the -and -polarized incident beams, respectively. Hence, the potential of the nonuniform surface to reduce RCS of conducting objects over a fairly wide frequency band is well demonstrated. The simulated reflectance is also shown in Figure 9 for comparison. We note that the measured reflectance minima appear at higher frequencies compared with their simulated counterparts. However, the measured and simulated reflectance curves are in qualitative agreement if we uniformly shift the measured curves towards lower frequency. The discrepancy between
International Journal of Antennas and Propagation the simulated and measured results is mainly attributed to the inaccuracy of the substrate permittivity, the fabrication and assembly error of the sample, and the differences between the experimental setup and the simulation configuration. In our experimental setup, the sample is in the radiating near-field (Fresnel) region of the horn antenna and the local incident rays for most of the reflecting elements are just roughly perpendicular to the element surface. In other words, the final experimental reflectance is not in a strict far-field sense and most of the reflecting elements underwent oblique incidence in the experiment. Because the first-order resonant frequency of metallic patch increases as the incidence angle grows, the effective operating band of the metasurface moved to higher frequency region in the experiment.
Conclusions
We have demonstrated that planar metasurface with nonuniformly distributed reflection phase, referred to as nonuniform surface, is capable of suppressing the specular reflections of conducting plates by scattering most incident energy in off-specular directions. A general condition under which the nonuniform surface could operate effectively has been derived using a simplified theoretical model. Based on this condition, an instance of nonuniform surface composed of three-layer stacked-patch elements has been designed. Both simulation and measurement results for the design example confirm that the nonuniform surface is an effective approach of RCS-reduction for conducting objects and has the potential of providing broadband performance.
